This writeup is an introduction to some of the experimental issues involved in performing electroweak and b physics measurements at the Fermilab Tevatron. In the electroweak sector, we discuss W and Z boson cross section measurements as well as the measurement of the mass of the W boson. For b physics, we discuss measurements of B 0 /B 0 mixing and CP violation. This paper is geared towards nonexperts who are interested in understanding some of the issues and motivations for these measurements and how the measurements are carried out.
Introduction
The Fermilab Tevatron collider is currently between data runs. The period from 1992-1996, known as Tevatron Run 1, saw both the CDF and DØ experiments accumulate approximately 110 pb −1 of integrated luminosity. These data sets have yielded a large number of results and publications on topics ranging from the discovery of the top quark to precise measurements of the mass of the W boson; from measurements of jet production at the highest energies ever observed to searches for physics beyond the Standard Model.
This talk and subsequent paper focus on two aspects of the Tevatron program: electroweak physics and the physics of hadrons containing the bottom quark. Each of these topics is quite rich in its own right. It is not possible to do justice to either these topics in the space provided.
Also, there are a large number of sources for summaries of recent results. For example, many conference proceedings and summaries are easily accessible to determine the most up-to-date measurements of the mass of the W boson. Instead of trying to summarize a boat-load of Tevatron measurements here, I will attempt to describe a few measurements in an introductory manner. The goal of this paper is to explain some of the methods and considerations for these measurements. This paper therefore is geared more towards students and non-experts. The goal here is not to comprehensively present the results, but to discuss how the results are obtained and what the important elements are in these measurements.
After a brief discussion of the Tevatron collider and the two collider experiments, we will discuss electroweak and b physics at the Tevatron.
The Tevatron Collider
The Fermilab Tevatron collides protons(p) and antiprotons (p) at very high energy. In past runs, the pp center of mass energy was √ s = 1.8 TeV. It will be increased in the future to 2 TeV. * Until the Large Hadron Collider begins operation at CERN late in this decade, the Tevatron will be the highest energy accelerator in the world. The high energy, combined with a very high interaction rate, provides many opportunities for unique and interesting measurements. The Tevatron has a history that goes back over 20 years. Table 1 
CDF and DØ
The CDF and DØ detectors are both axially symmetric detectors that cover about 98%
of the full 4π solid angle around the proton-antiproton interaction point. The experiments utilize similar strategies for measuring the interactions. Near the interaction region, tracking systems accurately measure the trajectory of charged particles. Outside the tracking region, calorimeters surround the interaction region to measure the energy of both the charged and neutral particles. Behind the calorimeters are muon detectors, that measure the deeply penetrating muons. Both experiments have fast trigger and readout electronics to acquire data at high rates. Additional details about the experiments can be found elsewhere.
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The strengths of the detectors are somewhat complementary to one another. The DØ detector features a uranium liquid-argon calorimeter that has very good energy resolution for electron, photon and hadronic jet energy measurements. The CDF detector features a 1.4 T solenoid surrounding a silicon microvertex detector and gas-wire drift chamber. These properties, combined with muon detectors and calorimeters, allow for excellent muon and electron identification, as well as precise tracking and vertex detection for B physics.
Electroweak Results
Although many precise electroweak measurements have been performed at and above the Z 0 resonance at LEP and SLC, the Tevatron provides some unique and complemen- 
W and Z Production
The rate of production of W and Z bosons is an interesting test of the theories of both electroweak and strong interactions. The actual production rates are determined by factors that include the gauge boson couplings to fermions (EW) and the parton distribution functions and higher order corrections (QCD).
As an example analysis, we will discuss the measurement the Z production crosssection from the Z 0 → e + e − mode. The total number of events we observe will be:
where L is the instantaneous luminosity, L int = Ldt is the integrated luminosity,
is the branching ratio for Z 0 → e + e − , and ǫ ee is the efficiency for observing this decay mode.
We have made the simplifying assumption that there are no background events in our signal sample. Let's take each term in turn:
• L int = Ldt: the integrated luminosity is measured in units of cm −2 and is a measure of the total number of pp interactions. The instantaneous luminosity is measured in units of cm −2 s −1 . In this case, "integrated" refers to the total time the detector was ready and able to measure pp interactions. ‡ ‡ We refer to the detector as "live" when it is ready and available to record data. If the detector is off or busy processing another event, it is not available or able to record additional data. This is known as "dead-time".
production. The "X" includes the remaining fragments of the initial p and p, in addition to allowing for additional final state particles.
• Br(Z 0 → e + e − ): The branching ratio is the fraction of Z 0 bosons that decay to a specific final state, e + e − in this example. §
• ǫ ee : Of the Z 0 bosons that are produced and decay to e + e − , not all of them are detected or accepted into the final event sample. Some of the events are beyond the region of space the detector covers in addition to the fact that the detector is not 100% efficient for detecting any signature.
Our ultimate goal is to extract σ Z . Rearranging Equation 1, we have:
From the data, we can count the number of signal events, N. To extract a cross section, we need to know the terms in the denominator as well:
• The luminosity is measured by looking at the total rate for pp → ppX in a specific and well-defined detector region. This rate is measured as a function of time and then integrated over the time the detector is live. The equation N = Lσ is used again, in this case we already know the total pp cross section(σ), so we can use this equation to extract L. At e + e − machines, the measurement of the luminosity is quite precise, with a relative error of 1% or less. For hadron machines, that level of precision is not possible. Typical relative uncertainties on the luminosity are 5-8%.
4
• The branching ratio for Z 0 → e + e − is measured quite precisely by the LEP and SLC experiments. The world average value is used as an input here. The uncertainty on that value is incorporated into the ultimate uncertainty on the cross section.
• The efficiency for a final state like this is measured by a combination of simulation and control data samples. Primarily, data samples are used that are well
an excellent sample of electrons and muons for detector calibration. The high invariant mass of the lepton pair is a powerful handle to reject background. § The branching ratio is the fraction of times that a particle will decay into a specific final state. More concisely, the branching ratio is Br( Putting all of these factors together, it is possible to measure the total cross sections for pp → W X and pp → ZX. These measurements are performed independently in both electron and muon modes. However, after the corrections for the efficiencies of each mode, the measurements should (and do) yield consistent measured values for the production cross section.
The results from DØ and CDF are represented in Fig. 1 . The top plot is for W production, the bottom plot for Z production. The shaded region is the theoretical cross section. On both plots, the circular points are the DØ measurements, the triangles the CDF measurements. Part of the difference in the results from the two experiments arises from a different calculation of L int . If a common calculation were used, the DØ numbers would be 6% larger than those presented. This shows that in fact the integrated luminosity is the largest systematic uncertainty on the cross sections. Details of these analyses may be found in the literature. 
R and the W Width
One way to make the measurement more sensitive to the electroweak aspects of the W and Z production processes is to measure the cross section ratio. This ratio is often referred to as "R", and defined as:
In taking the ratio of cross sections, the integrated luminosity (L int ) term and its uncertainty cancel. Other experimental and theoretical uncertainties cancel as well, making the measurement of R a more stringent test of the Standard Model. As we can see from Fig. 1 , the ratio is about equal to 10. This is confirmed by the results shown in and muon final states. 8 For the CDF result, the theoretical uncertainty is contained in the systematic uncertainty.
We can take this result one step further. The measured quantity is R. Theoretically, the cross section ratio σ(W )/σ(Z) is calculated with good precision. This can be understood by noting that the primary production of Z bosons at the Tevatron arise from the reactions: uu → Z 0 and dd → Z 0 , where the up and down quarks (and antiquarks)
can be valence or sea quarks in the proton. An example of valence-valence production is shown in Fig. 2 . For W production, the primary contributions are ud → W + and ud → W − . These reactions look quite similar to the Z production mechanisms where a u quark is replaced with a d quark (or vice-versa). An example of valence-valence W + production is also shown in Fig. 2 .
Although both Z 0 and W ± are produced through quark-antiquark annihilation, the dominant contribution is not from the valence-valence diagrams shown in Fig. 2 Both valence and sea quarks have a good probability for carrying a sufficient fraction of the proton's energy to produce a gauge boson. In fact, the dominant production mechanism at the Tevatron is annihilation where the quark(antiquark) is a valence quark and the antiquark(quark) is a sea quark. The valence-sea production mechanism is about 4 times larger than the valence-valence and sea-sea production mechanisms. It is coincidental that the valence-valence and sea-sea mechanisms are about equal at this energy. At higher energies, the sea-sea mechanism dominates; at lower energies, the valence-valence mechanism dominates.
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The theoretical predictions for the production cross sections of Z and W bosons are not known to high precision. Strong interaction effects, such as the parton distribution functions and higher order diagrams lead to theoretical uncertainty. The ratio of cross sections is well calculated, however, because going from Z production to W + production amounts to replacing an u with a d. In addition, the gauge boson couplings to fermions are well measured. Combining these points makes the ratio of cross sections a much better determined quantity than the individual cross sections.
Additionally, the branching ratio for Z 0 → ℓ + ℓ − is well measured at LEP. Using and a theoretical calculation of σ(W )/σ(Z).
our measured value of R, inputting the theoretical value for σ(W )/σ(Z) and using the LEP value for Br(Z 0 → ℓ + ℓ − ), we can extract the branching ratio for W → ℓν.
This is shown in Fig. 3 . The Tevatron results have similar uncertainties to the results from LEP2. As the uncertainties are reduced, this measurement will continue to be an important test of the Standard Model.
W mass
The electroweak couplings and boson masses within the Standard Model may be completely specified by three parameters. Typically, those parameters are chosen to be M Z (the mass of the Z 0 boson), G F , (the Fermi constant), and α QED (the electromagnetic coupling constant). These three parameters are not required to be the inputs, though.
For example, we could choose to use the charge of the electron (e), the weak mixing 
The Measurement of M W
As stated previously, the dominant mechanism for W boson production is quark-antiquark annihilation (qq ′ → W ± ). The center of mass energy for this interaction, √ŝ is much less than the pp center of mass energy of √ s = 1.8 TeV. This production mechanism leads to two important consequences:
1. The energies of the annihilating quark and antiquark are not equal, meaning the W will be produced with a momentum component along the beam line (p W z ). Another way to put this is to say that center-of-mass of the parton-parton collision is moving in the lab frame. The momentum of the partons transverse to the beam direction is effectively zero, so this center-of-mass motion is along the beam direction.
2. Since the remnants of the p and p carry a large amount of energy in the far forward direction (along the beam line) it is not possible to accurately measure theŝ of the interaction. Therefore the initial p z of the W is not known. 
The lepton is measured directly. The transverse momentum of the neutrino is inferred by the recoil energy (u T ).
Because of these points, it is not possible to measure the mass of the W boson based upon the collision energy, √ŝ . We must measure the W mass by reconstructing the decay products. Recall that we are dealing with W → eν e and W → µν µ modes. The quantities associated with these decays that we can directly measure are:
• The momentum of the muon, p ℓ .
• The recoil energy, u.
The lepton momentum can be measured in three dimensions. The recoil energy can be measured in three dimensions, but since we do not know the initial p Z of the center of mass, the z component of u and p ℓ are of no use to us. Since we know that (to very good
we can implement conservation of momentum in the transverse (x, y) plane and infer the transverse momentum of the neutrino. Since we do not know p W z , we can not infer the p ν z from momentum conservation. Even with three-dimensional measurements of u and p ℓ , it is not possible to unambiguously determine the neutrino momentum in three dimensions. If it were possible to determine p ν , then we could simply calculate the invariant mass of the ℓ-ν ℓ and measure the W mass from the resonance.
The case of Z production as discussed above is quite similar to W production. The difference, however, is that the Z can decay to two charged leptons that we can measure in the detector. Figure 7 shows the reconstructed Z mass in the mode Z 0 → e + e − from the DØ detector. The Z peak is clear and well-resolved, with small backgrounds.
In the case of the W mass, the information we have is momentum of the lepton p ℓ and transverse momentum of the neutrino, p ν T , which was inferred from the transverse momentum of the lepton and the transverse recoil energy ( u T ).
From the transverse momenta of the lepton and the neutrino, we can calculate a quantity known as the "transverse mass":
where p ℓ T and p ν T are the magnitudes of the lepton and neutrino transverse momenta and ∆φ ℓ,ν is the opening angle between the lepton and neutrino in the x, y plane.
The transverse mass equation may look familiar. If we have two particles where we have measured the momenta in 3 dimensions with momenta p 1 and p 2 , then the invariant mass of those two particles in the approximation that the particles are massless is:
where α is the opening angle (in 3-dimensions) between the two particles.
By comparing the two equations, we can see that the term "transverse mass" is ac- Although not quite as clean as a full invariant mass, the transverse mass distribution quite clearly contains information about the W mass. By fitting this distribution, it is possible to extract a precise measurement of the W mass. There are three basic ingredients that determine the shape of the transverse mass distribution:
• W boson production and decay.
•
Each of these items will be discussed in detail below. All of the details are ultimately combined into a fast Monte Carlo simulation that is able to generate transverse mass spectra corresponding to various values of the W mass. The measured transverse mass distribution is then fit to the generated spectra and the W mass is extracted from this fit.
In the following subsections, we discuss each of the elements required for precise W mass determination.
W boson production and decay
Modeling of the W boson production and decay includes the Breit-Wigner lineshape, parton distribution functions, the momentum spectrum of the W boson, the recoiling system and radiative corrections. The intrinsic width of the W boson is about 2.1 GeV/c 2 which must be included in the fit. The parton distribution functions (PDF)
are representations of the distributions of valence quarks, sea quarks and gluons in the proton. The probability for specific processes as a function ofŝ depend upon these distributions. Related to the PDFs and the production diagrams is the momentum distribution of the produced W bosons. The model of the recoil system must be accurate.
Higher order QED diagrams, such as W → ℓνγ are also included in the modeling.
p ℓ T measurement
This aspect is quite crucial in the W mass determination. For muons, the transverse momentum is measured by the track curvature in the magnetic field. For electrons, it is more accurate to measure the energy (and infer the momentum) in the calorimeter because the resolution is better and bremsstrahlung tends to bias the tracking measurement of the curvature.
The energy scale is crucial. If we measure a muon with a transverse momentum of 30 GeV/c, is the true momentum 30 GeV/c? Is it 29.9 GeV/c? Is it 30.1 GeV/c? Also, the resolution is important to understand. For a measured momentum of 30 GeV/c, we also need to know the uncertainty on that value, because it will smear out the transverse mass distribution. In reality, the resolution is a rather small effect, much smaller than the overall momentum scale.
To set the momentum/energy scale, we use "calibration" samples. The J/ψ, Υ and Z 0 masses are all known very precisely based upon measurements from other experiments. We can measure these masses using µ + µ − and e + e − final states to calibrate our momentum scale. If a muon measured with p T = 29.9 GeV/c is truly a muon with p T = 30.0 GeV/c, then we will measure an incorrect Z 0 mass. This scale can be noted and ultimately corrected. The Z 0 is particularly important for the W mass measurement because both its mass and the production mechanism are very similar to that of the W . They are not identical, though, because the Z 0 is 10.7 GeV/c 2 more massive than the W . Also, due to coupling and helicity considerations, the decay distributions are not identical between the two.
They are quite close, however, and the Z 0 provides a crucial calibration point. The limiting factor then arises from the number of Z 0 decays available. As noted earlier, the ratio of observed leptonic W decays to Z decays (R) is about 10:1. In some cases, the limiting factor on the systematic uncertainty arises from the statistics of the Z samples.
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The recoil energy is required to infer the transverse momentum of the neutrino. Since the recoil energy is largely hadronic and contains both charged and neutral components, it must be measured with the calorimeter. All of the charged and neutral energy recoiling against the W is included in the measurement, so all sources of calorimetric energy must be included in the model. The recoil distribution is affected by the collider environment, the resolution of the calorimeter, the coverage of the calorimeter and the ability to separate u T from p The hadronic energy resolution of the calorimeter is much larger (i.e. worse) than the resolution on the lepton energy. Therefore, the resolution on the neutrino p T is determined by the hadronic energy resolution. The smaller this resolution, the less smeared the transverse mass distribution.
The coverage of the calorimeter must be understood, also, because some of the recoil can be carried away at very small angles to the beamline, where there is no instrumentation.
Finally, the recoil measurement is a sum of all calorimeter energy except the energy of the lepton. In the case of the muon channel, it is pretty straightforward to subtract the contribution from the muon. For the electron, some of the recoil energy is included in the electron energy cluster in the calorimeter simply because the recoil and electron energy "overlap". This affects both the electron energy measurement and the u T measurement and therefore we must correct for that effect.
W Mass Summary
Each of these pieces needs to be fully and accurately modeled in order to understand how they effect the transverse mass distribution. There are many important aspects to this analysis, but the most important is the lepton energy scale. A great deal of work has gone into calibrating, checking and understanding the lepton energy scale.
Details of the DØ and CDF W mass measurements may be found in Refs.
10,11 For a recent compilation of the world's W mass measurements may be found in Ref. The world average uncertainty is 37 MeV. behavior of the total error, both the systematic and statistical uncertainties must fall as the statistics increase. This can be understood from the fact that many of the systematic uncertainties are limited by the statistics of the control samples, such as
As those samples grow, the systematic uncertainties fall.
Tevatron Run II is projected to move slightly away from the strict 1/ √ N W behavior as some of the systematic uncertainties become limited by factors other than the statistics of the control samples. Nevertheless, the uncertainty is expected to be significantly reduced. The combined W mass uncertainty from DØ and CDF is expected to be between 20 and 40 Mev/c 2 in Run II.
At the same time, the uncertainty on the top quark mass will also be reduced. In recent years, the importance and experimental advantages of the B system have been emphasized. 17 The long lifetime of the b quark, the large top quark mass and the observation of B 0 /B 0 mixing with a long oscillation time all conspire to make the B system fruitful in the study of the CKM matrix. Three e + e − B-factories running on the Υ(4s) resonance in addition to experiments at HERA and the Tevatron indicate the current level of interest and knowledge to be gained by detailed study of the B hadron decays.
This section is an introduction to CP violation in the B system, with a focus on experimental issues. After a some notational definitions, I will give a brief overview of the CKM matrix and B 0 /B 0 mixing. Following that, I will discuss experimental elements of flavor tagging, which is a crucial component in mixing and CP asymmetry measurements. Our discussion of CP violation in the B system will be presented in the framework of the specific example of the measurement of sin 2β using B 0 /B 0 → J/ψK 0 S decays by the CDF Collaboration. Finally, I will briefly survey future measurements.
Notation
There are enough B's and b's associated with this topic that it is worthwhile to specifically spell out our notation. First of all, we will refer to bottom (antibottom) quarks using small letters: b (b). When we are referring to generic hadrons containing a bottom quark (e.g. |bq >, where q is any quark type), we will use a capital B with no specific subscripts or superscripts.
In the cases where we are referring to specific bottom mesons or baryons, we will us the notation listed in Table 3 . Neutral B mesons follow the convention of the neutral kaon system, where K 0 = |sd > and K 0 = |sd >. 
Overview: the Cabibbo-Kobayashi-Maskawa Matrix
Within the framework of the Standard Model, CP nonconservation arises through a non-trivial phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix.
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The CKM matrix V is the unitary matrix that transforms the mass eigenstates into the weak eigenstates:
The second matrix is a useful phenomenological parameterization of the quark mixing matrix suggested by Wolfenstein, 18 in which λ is the sine of the Cabibbo angle, λ = sin θ C ≃ 0.22. The CKM matrix is an arbitrary three-dimensional rotation matrix. The only requirement a priori is that it be unitary -the value of the elements can take on any value so long as unitarity is preserved. The Wolfenstein parameterization arose based upon experimental results indicating that the matrix is nearly diagonal. Using experimental results on V us and V cb along with the unitarity requirement, Wolfenstein proposed the commonly-seen expansion shown here. The condition of unitarity, V † V = 1, yields several relations, the most important of which is a relation between the first and third columns of the matrix, given by:
This relation, after division by V * cb V cd , is displayed graphically in Fig. 12 as a triangle in the complex (ρ-η) plane, and is known as the unitarity triangle.
19 CP violation in the Standard Model manifests itself as a nonzero value of η, the height of the triangle, which indicates the presence of an imaginary CKM component.
The "unitarity triangle" is simply a graph of a single point in the complex plane: (ρ, η). We use the triangle to show how these two numbers are related to the CKM elements. Different experimental measurements are sensitive to different aspects of the unitarity triangle, i.e. they are sensitive to different combinations of ρ and η. give us some indication from where these "fundamental constants" arise.
Based upon current measurements in the K and B system, such as B 0 /B 0 mixing, Mixing occurs in the neutral K and B systems because the electroweak eigenstates and the strong interaction eigenstates are not the same. If we start with a B 0 meson, then the probability that we will see a B 0 (B 0 ) at a given time, t, is
where τ is the B 0 lifetime and There is very low efficiency for fully reconstructing B states. Therefore more inclusive techniques must be used to attempt to identify flavor.
Since flavor tagging is imprecise, it is crucial that we measure our success/failure rate. There are two parameters required to describe flavor tagging. The first is known as the tagging efficiency, ǫ, which is simply the fraction of events that are tagged. For example, if we are only able to identify a lepton on 10% of all of the events in our sample, then the lepton tagging efficiency is 10%. We can not distinguish a B 0 from a B 0 in the other 90% of the events because there was no lepton found to identify the flavor.
The second parameter is associated with how often the identified flavor is correct.
A "mistag" is an event where the flavor was classified incorrectly. A mistag rate (w) of 40% is not unusual; while a mistag rate of 50% would mean that no flavor information is available -equivalent to flipping a coin. Another way to classify the success rate is through a variable called the "dilution" (D), defined as
where N right (N wrong ) are the number of events tagged correctly (incorrectly). The term is dubbed "dilution" because it dilutes the true asymmetry:
where A observed is the experimentally measured asymmetry and A true is the measurement of the real asymmetry we are trying to uncover. † †
In the following subsections we discuss some commonly used flavor tagging techniques. The methods outlined below are all utilized in mixing analyses. However, it * * Another common way to display mixing data is of the form A = N mixed /(N unmixed + N mixed )
which then takes the functional form A = 1 − cos ∆m d t. † † The choice of the term "dilution" here is unfortunate, since in this case a high dilution is good and a low dilution is bad. The definition comes about because the factor D = 1 − 2w "dilutes" the measured asymmetry. If our flavor tagging algorithm were perfect (no mistags) then we would have D = 1, the highest possible dilution. Table 4 .
Full/Partial Reconstruction
The flavor of the B meson at the time of decay can be determined from the decay
products. An example of this is
This allcharged final state is an unambiguous signature of a B 0 meson at the time of decay.
The drawback of the full reconstruction technique is that both the branching ratios to specific final states and reconstruction efficiencies are low.
To improve upon this, we can relax by performing a "partial" reconstruction. An example of this relating to the example above is to reconstruct B 0 → D − X, with
In this case, the X would include the state listed above, but would include all other decays of this type (e.g.
is not as clean as full reconstruction. Since it is also possible to have
Therefore the reconstruction of a D − meson is not an unambiguous signature for a B 0 meson. These other contributions must be accounted for in the extraction of ∆m d .
Initial State Tagging
It is not possible to measure the flavor of a neutral B meson at the time of production using full or partial reconstruction, because the decay only reflects the flavor of the final Three types of opposite tagging are commonly used:
• lepton tagging: identify B → ℓνX. The lepton carries the charge of the b. • kaon tagging: identify B → D → K (b → c → s). The strange particle carries the charge of the b.
• jet charge tagging: identify a "jet" associated with B → X and perform a momentum weighted charge sum. On average, the net charge of the jet will reflect the charge of the b. An alternative path to the same correlation is through the production of a B * * state. In either case, the correlation is: B 0 π + and B 0 π − . In our example above, if the d grabs a d quark, then we have a π 0 , in which case the first-order correlation is lost.
The same-side technique has the advantage of not relying on the second B hadron in the event. The disadvantage is that, depending upon the hadronization process for a given event, the measured correlation may be absent or may be of the wrong sign. For example, the correlation would not be measurable if the mesons from the fragmentation chain were neutral. If the up quark in Fig. 16 were replaced by a down quark, then the associated meson would be a π 0 . Likewise, wrong-sign correlations are present: if the up quark in Fig. 16 were replaced with a strange quark, then a K * 0 would be produced,
If the K − is selected as the tagging track, then the wrong-sign is measured. This type of mistag can be reduced through the use of particle identification to separate charged kaons, pions and protons.
As will be seen below, initial state flavor tagging is a crucial aspect in measuring CP asymmetries in the B system. In the analysis we will discuss here, three of the four initial state tagging methods are used: lepton tagging, jet-charge tagging and same-side tagging. 
CP Violation Via Mixing
where
(|ds > +|sd >) and the final state, J/ψK 0 S is a CP eigenstate:
CP |J/ψK
In the CKM framework, CP violation occurs in this mode because the mixed decay and direct decay interfere with one another. This is shown in Fig. 17 . An initial state B interference between those two paths exposes the complex phase in the CKM matrix element V td .
When we produce B 0 at t = 0:
If we produce B 0 at t = 0:
Forming the asymmetry:
This is the time-dependent equation for the CP asymmetry in this mode. The asymmetry as a function of proper time oscillates with a frequency of ∆m d . The amplitude of the oscillation is sin 2β, where β is the angle of the unitarity triangle shown earlier.
We can also perform the time-integral of equation 5.5:
Integrating equations 12 an 11 and substituting them, we get:
A CP ≃ 0.47 sin 2β 
Experimental Issues
The bottom line when it comes to CP violation in the B system is that you need to tell the difference between B 0 mesons and B 0 mesons at the time of production. After identifying a sample of signal events, flavor tagging is the most important aspect of analyses of CP violation.
In the case of the J/ψK 0 S final state, we have no way of knowing whether the meson was a B 0 or B 0 as it decayed, nor do we need to know. The difference we are attempting to measure is the decay rate difference for mesons that were produced as B 0 or B 0 . In this case, we are tagging the flavor of the B meson when it was produced.
The analysis we are going to discuss here is a measurement of the CP asymmetry in B 0 /B 0 → J/ψK 0 S from the CDF experiment. Before discussing that measurement, we begin with by presenting some of the unique aspects to b physics in the hadron collider environment.
B Production and Reconstruction
First of all, the bb cross section is enormous, O(100µb), which means at typical operating luminosities, 1000 bb pairs are produced every second! The bb quarks are produced by the strong interaction, which preserves "bottomness", therefore they are always pro- For bb production, like W production discussed previously, the center of mass of the parton-parton collision is not at rest in the lab frame. Even in the cases where one B hadron is reconstructed (fully or partially) within the detector, the second B hadron may be outside the detector acceptance.
To identify the B mesons, we must first trigger the detector readout. Even though the bb production rate is large, it is about 1000 times below the generic inelastic scattering rate. In the trigger, we attempt to identify leptons: electrons and muons. In this analysis, we look for two muons, indicating that we may have had a J/ψ → µ back to the primary (collision) vertex. After all of these selection criteria, we have a sample of 400 signal events with a signal to noise of about 0.7-to-1, as shown in Fig 18. 
Flavor Tagging and Asymmetry Measurement
Now that we have a sample of signal events (intermixed with background), we must attempt to identify the flavor of the B 0 or B 0 at the time of production using the flavor tagging techniques outlined above. For this analysis, we use three techniques: sameside tagging, lepton tagging and jet charge tagging. The lepton and jet charge flavor tags are looking at information from the other B hadron in the event to infer the flavor of the B we reconstructed. Table 5 summarizes the flavor tagging efficiency and dilution for each of the algorithms. With the sample of events, the proper decay time and the measured flavor for each event, we are ready to proceed. In practice, we are measuring A(t):
where N − (N + ) are the number of negative (positive) tags. A negative tag indicates a B 0 , while a positive tag indicates a B 0 . We do not write B 0 and B 0 in the equation, though, because not every negative tag is truly a B 0 .
We arrive at the quantity A raw using the J/ψK 0 S data, but to get to the measured asymmetry, we must also know D. We can measure D using control samples and Monte Carlo, but it can not be extracted from the J/ψK 0 S data. Since typical dilutions are about 20%, that means that the raw asymmetry is 1/5 the size of the measured asymmetry. The higher the dilution (the more effective the flavor tagging method) the closer the raw asymmetry is to the measured asymmetry. We can classify the statistical uncertainty on the asymmetry as:
where δD is the uncertainty on the dilution and δA raw is the statistical uncertainty on the raw asymmetry. Ignoring (for the moment) the presence of background in our sample, (δA raw ) stat = 1/ N tagged = 1/ ǫN sig , where ǫ is the flavor tagging efficiency discussed previously and N sig is the number of signal events. More realistically, we can not neglect the presence of background, and the statistical uncertainty on the measured asymmetry is:
The first term in Equation 20 is the "statistical" uncertainty on the asymmetry and is of the form: δA = 1/ ǫD 2 N sig . Not only does the dilution factor degrade the raw asymmetry, it also inflates the statistical error. Think of it this way: we have events that we are putting into two bins-a B 0 bin and a B 0 bin. When we tag an event incorrectly (mistag), we take it out of one bin and put it into the other bin. Not only do we have one less event in the correct bin, we have one more event in the incorrect bin! This hurts our measurement more than had we simply removed the event from the correct bin and thrown it away.
In reality, there are several complications to this measurement:
• Our data sample has both signal and background events in it. For an event in the signal region, we don't know a priori if it is signal or background.
• We are using multiple flavor tagging algorithms. Each algorithm has a different D associated with it. Some events are tagged by more than one algorithm, and those two tags may agree or disagree.
• Due to experimental acceptance, not every event in our sample has a precisely determined proper decay time.
• Due to experimental acceptance, the efficiencies for positive and negative tracks are not identical (although the correction factor is tiny.)
We handle these effects with a maximum likelihood fit that accounts for the probability that any given event is signal versus background and tagged correctly versus incorrectly.
In doing so, we not only account for the multiple flavor tagging algorithms and the background in our data, but the correlations between all of these elements is handled as well. 
Results
The final result of our analysis is show in Fig. 19 . The points are the J/ψK 0 S data, after having subtracted out the contribution from the background. The data has also been corrected for the flavor tagging dilutions. The solid curve is the fit to the data of the functional form: A CP = sin 2β sin ∆m d t, with ∆m d constrained to the world average value. The amplitude of the oscillation is sin 2β. The single point to the right shows all events that do not have a precisely measured lifetime. As shown earlier, the timeintegrated asymmetry is nonzero, therefore these events are quite useful in extracting sin 2β. observation of CP violation in the B system. On the other hand, this is the best direct evidence to date for CP violation in the B system. When broken down into statistical and systematic components, the uncertainty is δ(sin 2β) = ±0.39(stat.) ± 0.16(syst.).
The total uncertainty is dominated by the statistics of the sample and efficacy of the flavor tagging. The systematic uncertainty arises from the uncertainty in the dilution measurements (δD.) However, the uncertainty on the dilution measurements are actually limited by the size of the data samples used to measure the dilutions. In other words, the systematic uncertainty on sin 2β is really a statistical uncertainty on the D's. As more data is accumulated in the future, both the statistical and systematic uncertainty in sin 2β will decrease as 1/ √ N . Figure 20 shows the contours which result from global fits to measured data in the B and K system. Clearly the result shown here is in good agreement with expectations.
The uncertainty on the sin 2β result presented here is comparable to the uncertainties from recent measurements by the Belle and Babar collaborations. 22, 26 While none of the measurements are yet to have the precision to stringently test the Standard Model, the fact that this measurement can be made in two very different ways is interesting.
The hadron collider environment has an enormous bb cross section, but backgrounds make flavor tagging difficult. In the e + e − environment, the production cross section is much smaller, but the environment lends itself more favorably to flavor tagging. These facts make the measurements performed in the different environments complementary to one another. of sin 2β, all of them with an uncertainty of δ(sin 2β) < ∼ 0.1. Putting these together would yield a world average measurement with an uncertainty of δ(sin 2β) < ∼ 0.05. Although this alone will provide an impressive constraint upon the unitarity triangle, it will not be sufficient to thoroughly test the Standard Model for self-consistency. On the same timescale, improvements are required in the lengths of the sides of the triangle, as well as other measurements of the angles. Finally, there are measurements of other quantities that are not easily related to the unitarity triangle that are important tests of the Standard Model.
The Future
The following is a list of some of the measurements that will be undertaken and/or improved-upon in the coming years (this is an incomplete list):
• CP asymmetries in other modes: e.g. • B 0 s /B 0 s mixing.
• rare B decays: e.g.
• radiative B decays: e.g. B 0 → K * γ; B 0 s → φγ.
• improved measurements of V ub : e.g. B → ππ; B → ρℓν.
• mass and lifetime of the B c meson.
• mass and lifetimes of the B baryons: e.g. Λ b = |udb >.
It will take many years and a body of measurements to gain further insights into the mechanisms behind the CKM matrix and CP violation. Advances in kaon physics over the last 40 years and advances in B physics in the last 25 years have put us on track to carry out these measurements in the very near future. These measurements will hopefully bring us to a more fundamental understanding to the mechanism behind CP violation.
